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Gelatinous zooplankton exhibit a wide range of propulsive
swimming modes. One of the most energetically efficient
is the rowing behaviour exhibited by many species of
schyphomedusae, which employ vortex interactions to achieve
this result. Ctenophores (comb jellies) typically use a slow
swimming, cilia-based mode of propulsion. However, species
within the genus Ocyropsis have developed an additional
propulsive strategy of rowing the lobes, which are normally
used for feeding, in order to rapidly escape from predators.
In this study, we used high-speed digital particle image
velocimetry to examine the kinematics and fluid dynamics of
this rarely studied propulsive mechanism. This mechanism
allows Ocyropsis to achieve size-adjusted speeds that are
nearly double those of other large gelatinous swimmers. The
investigation of the fluid dynamic basis of this escape mode
reveals novel vortex interactions that have not previously
been described for other biological propulsion systems. The
arrangement of vortices during escape swimming produces a
similar configuration and impact as that of the well-studied
‘vortex rebound’ phenomenon which occurs when a vortex
ring approaches a solid wall. These results extend our
understanding of how animals use vortex–vortex interactions
and provide important insights that can inform the bioinspired
engineering of propulsion systems.1. Introduction
Planktonic ctenophores typically use cilia, organized into ctene
rows, for propulsion. However, members of the genus Ocyropsis
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2are known to rapidly escape disturbances by flapping their muscular oral lobes [1,2]. Although
hydrodynamic interactions occurring during lobe flapping by Ocyropsis spp. have not been well
studied, the similarities of gelatinous body form and broad body contractions shared with oblate
scyphomedusae suggest analogous hydrodynamic patterns underlying propulsion by both groups.
In this case, rowing propulsion by oblate scyphomedusae might serve as a useful model for
understanding hydrodynamic processes powering escape swimming by Ocyropsis spp.
Rowing propulsion is used by oblate medusae to achieve one of the most energetically efficient means
of swimming among animals (as low as 0.3 J kg21 m21) [3,4]. Medusae do this without the benefit of
powerful muscular arrays such as those found in other animal groups. In comparison to more
advanced animal taxa, medusan muscles are poorly developed and capable of only very limited force
production [5,6]. Instead, medusan swimming success relies upon highly coordinated production and
manipulation of vortices along their bodies to generate pressure gradients that underlie the thrust
forces enabling their energetically efficient swimming capabilities [7]. Both the contraction and
recovery phases of rhythmic medusan swimming produce vortex arrangements that generate forward
thrust for a medusa swimming along a linear pathway [4,8–10]. During bell contraction, fluid is
pushed away from the bell, transferring momentum to the surrounding fluid and causing an
oppositely directed push against the bell that moves it forward. Additionally, bending of the bell
margin produces a vortex dipole on the outer side of the bell, creating a strong negative pressure
region (suction zone) on the dorsal side of the bell simultaneously with the moderate positive
pressure regions on the underside of the contracting bell to generate thrust for swimming [7,11].
These analytical results have demonstrated that this suction-dominant mechanism which occurs
during contraction generates much of the propulsive thrust during swimming by the cosmopolitan
medusa Aurelia aurita.
It is important to note that medusae do not rely solely upon the contraction phase to generate forward
motion. Instead, they also employ vortex interactions during the recovery (i.e. relaxation) phase to
advance their bodies through water [4,12]. As the bell returns to its original, pre-contraction state, the
subumbrellar cavity is refilled with fluid that travels around the bell margin [13]. This fluid contains
rotational energy and is known as the stopping vortex [14]. This vortex forces water against the inside
surface of the bell, converting the rotational energy of the stopping vortices into forward body motion
in a process termed passive energy recapture (PER). PER contributes as much as 60% of the net
forward progress of the medusa during linear swimming [12]. The highly orchestrated production and
alignment of vortices by the medusan bell enables both suction thrust and PER and, consequently, the
highly efficient propulsion of this successful animal group.
Although energetically efficient, medusan rowing propulsion is generally not a rapid means of
swimming. Instead, these species tend to be comparatively slow, cruising swimmers with limited
escape abilities [9]. However, kinematic patterns of ctenophores within the genus Ocyropsis suggest
that rowing swimming can be used for rapid propulsion. Similar to other lobate ctenophores,
Ocyropsis spp. possess broad oral lobes and uses ciliary currents to swim. However, when startled,
Ocyropsis flaps its broad lobes and rapidly escapes away from the disturbance [1] with a mean speed
of 72 mm s21 for a distance of 1 m or more [2]. This mechanism has been observed to be successful in
escaping attacks from a predatory ctenophore species in the genus Beroe. While unlikely to be
successful in daylight against a visual predator, this escape behaviour may function against all
predator types at night since Ocyropsis spp. are also known release a luminous mucus as part of the
nighttime escape response which could act to confuse visual predators [2]. By contrast, the escape
swimming in the ctenophore Mnemiopsis leidyi, which uses only ciliated ctene rows for propulsion,
achieves less than half the speed of Ocyropsis [15].
While escape swimming in Ocyropsis appears to use rowing-type kinematics similar to that of
medusae, the swimming performance of the ctenophore is much greater than that of rowing medusae.
We quantified body kinematics combined with the fluid dynamics of this behaviour in order to
determine how Ocyropsis can swim with such high proficiency. To accomplish this, we used high-
speed, digital particle image velocimetry (DPIV) to quantify fluid interactions occurring during escape
swimming of the oceanic ctenophore, Ocyropsis maculata. We present the first known case of an animal
arranging vortices that resemble and function in the same manner as during the well-studied
phenomena of vortex rebound. This process involves vortex generation and positioning such that
opposite sign vortices interact to change the direction of the entire vortex superstructure surrounding
the ctenophore. Vortex rebound has previously only been described from physical experiments and
numerical simulations of interacting vortex rings; here, we discuss the potential implications for its
use during animal swimming.
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32. Methods
Ocyropsis maculata ctenophores were hand-collected in jars by SCUBA divers from waters off Santa
Catalina, Panama (7832019.300 N 81829011.100 W) and immediately transported to the laboratory.
All SCUBA plans were reviewed and permitted by the authors’ institutional dive safety officers prior
to commencing fieldwork. The animals were placed in glass filming vessels (30  10  25 cm) with
field-collected water at in situ temperatures (26–288C) within 6 h of collection for swimming and
animal–fluid analyses. In order to elicit escape reactions, free-swimming ctenophores (n ¼ 5) were
gently touched on their aboral surface, which immediately caused the ctenophore to produce the escape
swimming behaviour. This swimming behaviour was recorded using a high-speed digital video camera
(SC1, Edgertronic) at 500 frames s21 at a resolution of 1280  1024 pixels. Only recordings of animals
swimming upward were used in the analysis to eliminate the possibility of gravitational force aiding
forward motion of the animal between pulses. Detailed two-dimensional kinematics were obtained
using Image J v. 1.46 software (National Institutes of Health) to track the x and y coordinates of the apex
(aboral end) and the moving lobe tips of the escaping ctenophore over time. Body swimming speeds
and lobe tip speeds were calculated from the change in the position of the apex and lobe tip,
respectively, over time, t, as
U ¼ ððx2  x1Þ
2 þ ðy2  y1Þ2Þ1=2
t2  t1 : ð2:1Þ
Using data from the literature on other gelatinous taxa, we compared peak swimming speeds to other
large (greater than 2 cm) gelatinous swimmers. Body size was measured at the longest axis. Swimming
data were obtained for another species of ctenophore (M. leidyi), two species of scyphomedusae
(Stomolophus meleagris and A. aurita), two species of cubomedusae (Chiropsella bronzie and Chironex
fleckeri) as well as a species of salp (Cyclosalpa polae). Swimming speeds were tested using one-way
ANOVA to determine if a significant difference existed between means.
Alterations in body shape were quantified by the fineness ratio, F
F ¼ h
d
, ð2:2Þ
where h is the bell height and d is the bell diameter. The instantaneous fineness ratio, Fi, was measured at
the midpoint of each interval used for measurement of ctenophore velocity. The fineness ratio of the body
at its most laterally extended, uncontracted state corresponded closely to the minimum Fi value, whereas
full body contraction corresponded to the maximum Fi.
To quantify fluid interactions of escaping O. maculata, particle image velocimetry (PIV) analysis was
performed whereby the ctenophores were illuminated with a laser sheet (532 nm, 1 W continuous wave)
oriented perpendicular to the camera’s optical axis to provide a distinctive body outline for image
analysis and to ensure the animal remained in-plane, which ensures accuracy of two-dimensional
estimates of position and velocity. The seawater containing the ctenophores was seeded with 10 mm
hollow glass beads (LaVision Inc.). The velocities of particles illuminated in the laser sheet were
determined from sequential images analysed using a cross-correlation algorithm (LaVision software).
Image pairs were analysed with shifting overlapping interrogation windows of a decreasing size of
64  64 pixels to 32  32 pixels or 32  32 pixels to 16  16 pixels. To better understand the unique
nature of this swimming mode, the fluid dynamics of swimming was quantified for another rowing
gelatinous zooplankton, the moon jellyfish A. aurita (n ¼ 5) as in [4,12]. The individuals examined
were of similar size as O. maculata and ranged from 2.5 to 4 cm in diameter.3. Results
3.1. Swimming performance
During escape behaviour, the oceanic ctenophore O. maculata achieved a maximum swimming speed of
125 mm s21 (s.d. 22, n ¼ 5) (figure 1b). The peak accelerations during escape swimming were determined
to be 720 mm s22 (s.d. 48, n ¼ 5) (figure 1c). The maximum swimming speeds normalized by body size
illustrate the extraordinary capabilities of this group of oceanic ctenophores when compared with other
large (greater than 2 cm) gelatinous zooplankton. These swimming speeds (normalized by body length)
are significantly higher (ANOVA, p, 0.001) than peak swimming speeds achieved in other large (greater
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Figure 1. Swimming performance metrics. (a) Change in body fineness over time for a representative escape swimming sequence in
the ctenophore O. maculata. (b) Instantaneous velocity over the escape sequence. (c) Instantaneous acceleration over the escape
sequence. (d ) Maximum attained swimming speeds in terms of body lengths per second for O. maculata and six other large
(greater than 2 cm) gelatinous swimmers. Light grey bars, ctenophores; black bars, scyphomedusae; white bars, cubomedusae;
dark grey bar, salp. Data for other gelatinous swimmers from: [3,4,15–17]. Ocyropsis maculata uses fast swimming only in
short bursts, while other species listed tend to be continuous swimmers.
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4than 2 cm) gelatinous zooplankton swimmers (figure 1d ). Compared to ciliary-based swimming that is
typical of ctenophores, lobe swimming in O. maculata can achieve relative speeds more than an order of
magnitude higher than the ctenophore M. leidyi (figure 1d ). The gelatinous swimmer that comes closest
to O. maculata in terms of relative swimming speed is the cubomedusa C. bronzie. This proficient jetting
medusa reaches a mean peak speed of 1.82 BL s21 (s.d. 0.26). In comparison, O. maculata attains a mean
peak speed of 3.35 BL s21 (s.d. 0.35) which is 84% higher than the fast swimming cubomedusa. It is
interesting to note that of the most proficient swimmers from each group of large-bodied gelatinous
zooplankton (scyphomedusae, cubomedusae and salps) all swim with peak relative speeds within 5%
of each other and are not significantly different ( p ¼ 0.434). However, O. maculata is between 84 and
90% higher than these other swimmers. With a single flap of its lobes, O. maculata can also travel up
to 120 mm. This swimming mode results in a drastically altered body profile during escape
swimming. Fineness ratios range from 1.6 when at rest to 0.6 just prior to initiation of the contraction
phase of the escape (figure 1a).
3.2. Lobe kinematics
In order to determine how O. maculata achieve their observed high accelerations and velocities, we
quantified the kinematics of their lobes during escape reactions. Before an escape reaction is initiated,
the lobes of O. maculata are oriented forward with the lobe tips in close proximity to each other
(frame 1, figure 2a). When startled with a gentle touch, the ctenophores initiated their escape
swimming cycle by rapidly expanding their lobes. This expansion can be characterized as flipping out
the lobe tips quickly until the lobes reach the same plane (frame 3, figure 2a). At this point, the lobes
begin immediately to contract. The contraction appears to be initiated at the base of the lobe which
flares the lobe tips out laterally. The lobes then rapidly contract until the lobes are closer together than
their initial position before the escape behaviour started.
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Figure 2. Lobe kinematics of O. maculata in comparison to the rowing medusa A. aurita. (a) Sequential images of O. maculata at
different times during its swimming cycle. The cycle starts with lobe expansion (images 1–3) and finishes with a very rapid
contraction (images 3–5). (b) An outline of the outer edge of the lobe shows the relative position of the O. maculata lobe
(normalized to the apex) throughout the expansion and contraction phases. The bell outline (in red) of the scyphomedusae
A. aurita underlays the O. maculata outline to illustrate the differences between O. maculata kinematics and that of a typical
rowing medusae. The inset (c) shows the velocity of the tip of the lobe throughout the swim cycle. In essence, the lobe of
O. maculata moves much faster (inset c) and over a much longer distance than typical rowing medusae.
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5To compare O. maculata kinematics to a typical rowing medusa, we overlaid the outlines of the lobe
kinematics and the outline of the bell of the medusa A. aurita (red) throughout the swimming cycles
(figure 2b). These outlines illustrate that the lobes of O. maculata move more extensively during the
swim cycle than the bell margin of the rowing medusa (O. maculata moves 1.1 diameters versus A.
aurita moves 0.43 diameters). Consequently, the lobe tip of O. maculata achieves much greater velocity
during both the expansion and contraction phases than the bell tip of A. aurita (figure 2c) and
completes the contraction phase of the swim cycle in approximately half the time of a comparably
sized A. aurita. Additionally, since the lobes of O. maculata expand to a flat plane, there is no volume
enclosed by the lobe at full expansion. By contrast, medusae do not expand as much and maintain a
volume of fluid enclosed within the bell.3.3. Flow fields
In order to be consistent with the identification of vortices produced by rowing organisms in the
literature (e.g. [4,14]), we refer to the vortex that originates underneath the ctenophore during
the expansion phase as the stopping vortex even though it forms at the beginning swim cycle.
Likewise, the vortex that forms during the contraction phase of the rowing swimmers is referred to as
the starting vortex.
To better understand the high performance during escape swimming in O. maculata, we quantified
the instantaneous flow fields around the animals. Once stimulated to make an escape, O. maculata
rapidly expanded its lobes, creating a stopping vortex underneath the lobes (figure 3a,b). Immediately
prior to the rapid contraction phase of the lobes, the stopping vortex reached a peak vorticity of
22 s21 (s.d. 3). Initially, this vortex structure was located in a similar position to that of the stopping
vortex created by the rowing schyphomedusa, A. aurita, during the relaxation phase of the swim cycle
–20 0
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Figure 3. Fluid mechanics (velocity vectors and vorticity contours) from two gelatinous swimmers that employ rowing-based
kinematics. (a–d) The ctenophore O. maculata. Note that the stopping vortex (indicated by yellow arrows) forms underneath
the body during the expansion phase (b) but continues to move outside the lobes such that when the contraction begins, the
stopping vortex is located outside of the newly formed starting vortex (c). The result of the vortex–vortex interaction is no net
movement of the vortex superstructure (d ). (e–h) The moon jellyfish A. aurita. Here, the stopping vortex (indicated by yellow
arrows) remains confined under the jellyfish bell (e–g). The result is the downward movement of the entire vortex
superstructure (h).
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6(figure 3b,f ). However, as the lobe expansion of O. maculata continued, the stopping vortices moved
laterally towards the lobe tips. This results in an important distinction during the contraction phase of
the swim cycle between these two types of rowing swimmers.
As contraction of the lobes began, a starting vortex formed at the tips of both the ctenophore lobes
and jellyfish bell margin (figure 3c,g). In the case of A. aurita, the stopping vortex interacts with the
newly forming starting vortex underneath the animal and while the stopping vortex is positioned
inside of the starting vortex (figure 3g). During the contraction phase of swimming in O. maculata, the
stopping vortex also interacted with the newly forming starting vortex; however, in this case,
the stopping vortex was located outside of the starting vortex due to greater lateral movement of the
lobes during expansion (figure 3c). As the contraction phase of the swim cycle progressed through
the point of vortex separation from the body, the strength of the stopping vortex did not subside in
O. maculata (figure 3d ).
In traditionally described rowing animals like A. aurita [5], the entire vortex superstructure is expelled
in the wake and travels away from the animal (figure 3h). However, the interaction of opposite sign
vortices in the arrangement produced by O. maculata appears to prevent the backwards movement of
the entire vortex superstructure and stretches the starting vortex until it pinches off into two distinct
vortices (figure 3d ). Once separated from downward movement of the lobes, the stopping vortex, still
located outside of the starting vortex, demonstrated its ability to exert an upwards pull on the entire
vortex superstructure (figure 4).4. Discussion
In terms of energetic efficiency and the cost of transport of locomotion, gelatinous zooplankton are some
of the best performers on the planet [3,4,16]. However, in terms of swimming proficiency, gelatinous
zooplankton are often overlooked as they are outperformed by other groups such as fish and squid
[18–21]. Yet, there are some taxa of gelatinous zooplankton which, relative to body size, come close to
the peak speeds reached by other groups [22,23]. Among the larger (greater than 2 cm) gelatinous
species, top performers in terms of swimming speed are members of the rhizostomae, cubozoa and
the salps. Ctenophores, using a cilia-based propulsion system, swim an order of magnitude slower
than these more proficient groups (figure 1). These cilia are fused into rows of ctene plates with plates
consisting of thousands of individual cilia. The ctenes then beat metachronally to move the animal
–20 0
0.71 s 0.76 s 0.82 s 0.88 s 0.93 s
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20 0 45
velocity (mm s–1)
90
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Figure 4. Fluid mechanics (velocity vectors and vorticity contours) of one side of the vortex superstructure shed by O. maculata.
Note that while the animal moved its lobes and the resulting starting vortex in a downward direction, the starting vortex (red) is
simultaneously pulled upwards (as indicated by yellow arrows) due to interaction with the opposite sign stopping vortex (blue). The
result is a vertically elongated vortex superstructure.
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7forwards. Our investigation into the lobe-based swimming displayed by the oceanic ctenophore
O. maculata finds that this species can achieve relative speeds and accelerations which are significantly
greater than other proficient gelatinous swimmers (figure 1).
This high level of performance is achieved by using rowing-based kinematics commonly observed in
schyphomeusae, but with some important differences. One of the most apparent of these differences is
the change in body fineness over the course of a swim cycle. Ocyropsis maculata has a fineness ratio that
ranges from 1.6 to 0.6 (figure 1), whereas A. aurita swims with a fineness ratio that varies by only 0.2,
from 0.5 to 0.3 [24]. The larger change in ctenophore body conformation over the course of the swim
cycle reflects a greater range of movement of the lobes relative to a medusa bell (figure 2). Unlike
cnidarian medusae, ctenophore muscle is not constrained to a single layer [25]. This may allow for the
greater range of motion that would accelerate more water and lead to greater thrust production
[26,27]. The extended range of ctenophore motion relative to other rowing gelatinous swimmers has
additional implications for how the resulting vortices are positioned and interact with one another.
Since the lobes of O. maculata expand beyond that of medusae to a flat plane (figure 2), there is no
volume enclosed by the lobes at full expansion. This allows the stopping vortex formed during the
expansion phase to extend beyond the lobes prior to the initiation of the contraction phase. One
consequence of the O. maculata stopping vortex not remaining underneath the body is that there can
be no benefit of PER as seen in medusae. PER provides additional thrust without the need for
additional energetic expenditure of body movements [4]. In the case of Ocyropsis, this trade-off can be
considered in the light of the different ecological roles of swimming between the two groups of
animals. Medusae swim continuously and thus there will be strong selective pressure to employ
tactics that minimize energetic expenditures and cost of transport. In this case, medusae can use the
slow developing PER mechanism in which an extended pause prior to contraction provides a
substantial benefit in terms of cost of transport [12]. By contrast, Ocyropsis spp. uses a rowing mode
of swimming for escape and possibly to re-position themselves periodically [2,28]. Here, a substantial
pause prior to the contraction phase would defeat the purpose of a rapid escape and so the
ctenophore uses the rotational energy stored in the stopping vortex a different way.
By positioning the stopping vortex outside of the lobes, the contraction phase generates a new vortex
of opposite sign (starting vortex) just inside of the existing stopping vortex (figure 3c). This leads to strong
interaction between the pair of vortices in a configuration that closely resembles the vortex arrangement
during a phenomenon known as ‘vortex rebound’ [29]. Vortex rebound is known from investigations of a
vortex ring approaching a solid, flat surface at a direction normal to the axis of the ring. At a particular
distance from the wall, the axial velocity changes direction and the ring moves rapidly away from
the surface [30–34]. This reversal of the axial velocity is commonly referred to as the vortex rebound.
It has been experimentally determined that the rebound effect is due to a secondary vortex that is
produced at the solid boundary and subsequently interacts with the original vortex to rapidly lift the
entire vortex superstructure upwards [35].
The distinction between traditionally described vortex rebound in the literature and that observed with
the ctenophore appears to be simply how and when the two interacting, opposite sign vortices are
T1
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T2
T2
(b)
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(c)
Figure 5. Conceptual figure illustrating a proposed mechanism for enhancing biological propulsion through the arrangement of
vortices into a ‘vortex rebound’ configuration. (a) Vortex–vortex interactions cause a rebound effect, which pulls the entire
vortex superstructure upwards (difference between the dotted lines). Based on data from Orlandi [29]. (b) Vortex configuration
observed during escape swimming in the ctenophore O. maculata. Note that instead of the vortex superstructure being pulled
upwards, the starting (inner) vortex is stretched as the animal pushes downwards with its lobes. This could result in greater
overall thrust for the animal. (c) A hypothetical case based on medusae rowing-type swimming where the starting vortex is
ejected backwards into the wake. Here, the reaction force on the lobes would be lower than that in (b) and would lead to
lower thrust. Black arrows show net motion of vortex superstructure; green arrows show net thrust of ctenophore.
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8produced. In the case of traditionally described vortex rebound, the secondary vortex ring is formed later
and ejected from the boundary layer near the solid wall [34]. In the case of the ctenophore, the secondary
vortex forms first, and is ejected during the expansion phase of the escape. Next, what is traditionally
described as the primary vortex is created by the contraction of the ctenophore lobes (figure 3). The end
result appears to be the same with the outer vortex interacting and exerting an upwards force on the
entire vortex superstructure which advects the structure forward/upward (figure 4).
How might a vortex rebound configuration aid in ctenophore escape swimming? To understand the
potential adaptive significance of such a vortex arrangement, it may be useful to consider the differences
in jumping performance on solid versus a deformable surface. Even with compensatory kinematics, jump
performance on sand is significantly lower than jumps that occur on a rigid surface [36,37]. In general, the
more deformable the substrate surrounding the propulsor, the lower the thrust that can be generated due
to a reduced reaction force. Water is a highly deformable substrate and thus presents challenges for
aquatic swimmers in order to generate a sufficient reaction force. The generalized explanation for
swimmers has been that the propulsive element (a lobe in the case of a ctenophore) moves backward
and generates a force that increases the momentum of the water passing backward [26]. An equal
opposing force (the reaction force) is subsequently exerted by the water on the propulsive element to
generate thrust and move the animal forward. But what if the water that was being pushed
backwards could resist some of this motion? It would generate a much higher reaction force. Since the
vortex rebound interaction produced by the ctenophore advects the vortex superstructure forward
(figure 4), it seems likely that the fluid would produce a higher reaction force as the propulsor moves
backwards within a vortex superstructure (figure 5).5. Conclusion
The ability of a lobate ctenophore to reach speeds that can exceed those of other large gelatinous
swimmers relies on alterations to the previously described ‘rowing’ kinematics displayed by many
royalsocietypublishing.org/journal/rsos
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9schyphozoan and some hydrozoan medusa [8,14]. These kinematic alterations allow for a different
arrangement of vortices that create a ‘vortex rebound’ effect. This fluid phenomena is well
documented in the physics literature [30–35], but to our knowledge, this type of vortex arrangement
and the resulting phenomena of the upwards movement of the vortex superstructure have not
previously been documented in biological propulsion. By arranging fluid in this manner both
biological systems and engineered underwater vehicles may benefit from an increased reaction force
that may significantly enhance the ability to accelerate a body under water. Further investigation into
how the vortex rebound effect may contribute to overall thrust is needed, but these findings further
our understanding into how animals can use and take advantage of vortex–vortex interactions and
may provide important insights that can inform the bioinspired engineering of propulsion systems.
Data accessibility. The raw data that were presented and analysed for this manuscript are available at: https://figshare.
com/s/2746dabe807aa03ed274.
Authors’ contributions. All authors participated in the design of the study. B.J.G. and K.R.S. collected the PIV data. B.J.G.,
S.P.C. and J.H.C. analysed the data. B.J.G. wrote the first draft and all authors contributed to revisions. All authors
gave final approval for publication.
Competing interests. We declare we have no competing interests.
Funding. This research was supported by the grants from the National Science Foundation UNS-1511996 and IDBR-
1455471 to B.J.G., S.P.C. and J.H.C. as well as OCE-1829945 to B.J.G., S.P.C., J.H.C. and K.R.S.i.6:181615References
1. Mayor AG. 1912 Ctenophores of the Atlantic
coast of North America. Washington, DC:
Carnegie Institution of Washington.
2. Matsumoto G, Harbison G. 1993 In situ
observations of foraging, feeding, and
escape behavior in three orders of oceanic
ctenophores: Lobata, Cestida, and Beroida.
Mar. Biol. 117, 279–287. (doi:10.1007/
BF00345673)
3. Larson R. 1987 Costs of transport for the
scyphomedusa Stomolophus meleagris
L. Agassiz. Can. J. Zool. 65, 2690–2695.
(doi:10.1139/z87-408)
4. Gemmell BJ, Costello JH, Colin SP, Stewart CJ,
Dabiri JO, Tafti D, Priya S. 2013 Passive energy
recapture in jellyfish contributes to propulsive
advantage over other metazoans. Proc. Natl
Acad. Sci. USA 110, 17 904–17 909. (doi:10.
1073/pnas.1306983110)
5. Costello JH, Colin SP, Dabiri JO. 2008
Medusan morphospace: phylogenetic
constraints, biomechanical solutions, and
ecological consequences. Invertebr. Biol. 127,
265–290. (doi:10.1111/j.1744-7410.2008.
00126.x)
6. Alexander R. 1985 The maximum forces exerted
by animals. J. Exp. Biol. 115, 231–238.
7. Colin SP, Costello JH, Dabiri JO, Villanueva A,
Blottman JB, Gemmell BJ, Priya S. 2012
Biomimetic and live medusae reveal the
mechanistic advantages of a flexible bell
margin. PLoS ONE 7, e48909. (doi:10.1371/
journal.pone.0048909)
8. Colin SP, Costello JH. 2002 Morphology,
swimming performance and propulsive mode of
six co-occurring hydromedusae. J. Exp. Biol.
205, 427–437.
9. Dabiri JO, Colin S, Katija K, Costello JH. 2010 A
wake-based correlate of swimming performance
and foraging behavior in seven co-occurring
jellyfish species. J. Exp. Biol. 213, 1217–1225.
(doi:10.1242/jeb.034660)10. Megill WM. 2002 The biomechanics of jellyfish
swimming. PhD dissertation, University of
British Columbia, British Columbia, Canada.
11. Gemmell BJ, Colin SP, Costello JH, Dabiri JO.
2015 Suction-based propulsion as a basis for
efficient animal swimming. Nat. Commun. 6,
8790. (doi:10.1038/ncomms9790)
12. Gemmell BJ, Colin SP, Costello JH. 2017
Widespread utilization of passive energy
recapture in swimming medusae. J. Exp. Biol.
221, jeb.168575. (doi:10.1242/jeb.168575)
13. Gemmell BJ, Costello JH, Colin SP. 2014
Exploring vortex enhancement and
manipulation mechanisms in jellyfish that
contributes to energetically efficient propulsion.
Commun. Integr. Biol. 7, e29014. (doi:10.4161/
cib.29014)
14. Dabiri JO, Colin SP, Costello JH, Gharib M. 2005
Flow patterns generated by oblate medusan
jellyfish: field measurements and laboratory
analyses. J. Exp. Biol. 208, 1257–1265. (doi:10.
1242/jeb.01519)
15. Kreps T, Purcell J, Heidelberg K. 1997 Escape of
the ctenophore Mnemiopsis leidyi from the
scyphomedusa predator Chrysaora
quinquecirrha. Mar. Biol. 128, 441–446.
(doi:10.1007/s002270050110)
16. Bone Q, Trueman E. 1983 Jet propulsion in
salps (Tunicata: Thaliacea). J. Zool. 201,
481–506. (doi:10.1111/j.1469-7998.1983.
tb05071.x)
17. Colin SP, Costello JH, Katija K, Seymour J, Kiefer
K. 2013 Propulsion in cubomedusae:
mechanisms and utility. PLoS ONE 8, e56393.
(doi:10.1371/journal.pone.0056393)
18. Gosline JM, DeMont ME. 1985 Jet-propelled
swimming in squids. Sci. Am. 252, 96–103.
(doi:10.1038/scientificamerican0185-96)
19. Drucker E, Jensen J. 1996 Pectoral fin
locomotion in the striped surfperch. I. Kinematic
effects of swimming speed and body size.
J. Exp. Biol. 199, 2235–2242.20. Wardle C. 1975 Limit of fish swimming speed.
Nature 255, 725. (doi:10.1038/255725a0)
21. Webber D, O’dor R. 1985 Respiration and
swimming performance of short-finned squid
(Illex illecebrosus). NAFO Sci. Coun. Studies 9,
133–138.
22. Dabiri JO, Colin SP, Costello JH. 2006 Fast-
swimming hydromedusae exploit velar
kinematics to form an optimal vortex wake.
J. Exp. Biol. 209, 2025–2033. (doi:10.1242/jeb.
02242)
23. Costello JH, Colin SP, Gemmell BJ, Dabiri JO,
Sutherland KR. 2015 Multi-jet propulsion
organized by clonal development in a colonial
siphonophore. Nat. Commun. 6, 8158. (doi:10.
1038/ncomms9158)
24. Costello JH, Colin S. 1994 Morphology, fluid
motion and predation by the scyphomedusa
Aurelia aurita. Mar. Biol. 121, 327–334.
(doi:10.1007/BF00346741)
25. Pang K, Martindale MQ. 2008 Ctenophores. Curr.
Biol. 18, R1119–R1120. (doi:10.1016/j.cub.
2008.10.004)
26. Sfakiotakis M, Lane DM, Davies JBC. 1999
Review of fish swimming modes for aquatic
locomotion. IEEE J. Oceanic Eng. 24, 237–252.
(doi:10.1109/48.757275)
27. Fish FE, Baudinette R, Frappell P, Sarre M. 1997
Energetics of swimming by the platypus
Ornithorhynchus anatinus: metabolic effort
associated with rowing. J. Exp. Biol. 200,
2647–2652.
28. Harbison G, Madin L, Swanberg N. 1978 On the
natural history and distribution of oceanic
ctenophores. Deep Sea Res. 25, 233–256.
(doi:10.1016/0146-6291(78)90590-8)
29. Orlandi P. 1990 Vortex dipole rebound from a
wall. Phys. Fluids A: Fluid Dyn. 2, 1429–1436.
(doi:10.1063/1.857591)
30. Magarvey R, MacLatchy C. 1964 The
disintegration of vortex rings. Can. J. Phys. 42,
684–689. (doi:10.1139/p64-064)
royalsocietypublishing.o
1031. Boldes U, Ferreri J. 1973 Behavior of vortex rings
in the vicinity of a wall. Phys. Fluids 16,
2005–2006. (doi:10.1063/1.1694246)
32. Yamada H, Kohsaka T, Yamabe H, Matsui T.
1982 Flowfield produced by a vortex ring near a
plane wall. J. Phys. Soc. Jpn. 51, 1663–1670.
(doi:10.1143/JPSJ.51.1663)
33. Cerra Jr A, Smith CR. 1983 Experimental
observations of vortex ring interaction with the
fluid adjacent to a surface. Report FM-4,Department of Mechanical Engineering, Lehigh
University, Bethleham, PA, USA.
34. Walker J, Smith C, Cerra A, Doligalski T. 1987
The impact of a vortex ring on a wall. J. Fluid
Mech. 181, 99–140. (doi:10.1017/
S0022112087002027)
35. Lim T, Nickels T, Chong M. 1991 A note on the
cause of rebound in the head-on collision of a
vortex ring with a wall. Exp. Fluids 12, 41–48.
(doi:10.1007/BF00226564)36. Giatsis G, Kollias I, Panoutsakopoulos V,
Papaiakovou G. 2004 Volleyball: biomechanical
differences in elite beach-volleyball players in
vertical squat jump on rigid and sand surface.
Sports Biomech. 3, 145–158. (doi:10.1080/
14763140408522835)
37. Bishop D. 2003 A comparison between land and
sand-based tests for beach volleyball
assessment. J. Sports Med. Phys. Fitness 43,
418–423.rg/journal/rsos
R.Soc.open
sci.6:181615
